Repetitive activation of non-nociceptive afferents is known to attenuate nociceptive signaling. However, the functional details of how this modulatory process operates are not understood and this has been a barrier in using such stimuli to effectively treat chronic pain. The present study tests the hypothesis that the ability of repeated non-nociceptive stimuli to reduce nociception is a form of generalized habituation from the non-nociceptive stimulus-response pathway to the nociceptive pathway. Habituation training, using non-nociceptive mechanosensory stimuli, did reduce responses to nociceptive thermal stimulation. This generalization of habituation to nociceptive stimuli required endocannabinoid-mediated neuromodulation, although disrupting of endocannabinoid signaling did not affect "direct" habituation of to the non-nociceptive stimulus. Surprisingly, the reduced response to nociceptive stimuli following habituation training was very long-lasting (3-8 days). This long-term habituation required endocannabinoid signaling during the training/acquisition phase, but endocannabinoids were not required for post-training retention phase. The implications of these results are that applying principles of habituation learning could potentially improve anti-nociceptive therapies utilizing repeated non-nociceptive stimulation such as transcutaneous nerve stimulation (TENS), spinal cord stimulation (SCS), or electro-acupuncture.
Introduction
The nervous system has a remarkable, if underappreciated, endogenous capacity to reduce transmission of nociceptive signals; that is, signals that communicate the presence of damaging or potentially damaging stimuli (IASP, 2017) . One of the best known among these is the "Gate Control" process described by Melzak and Wall in which stimulation of non-nociceptive afferents activate inhibitory interneurons that reduce signaling within nociceptive circuits in the spinal cord (Melzack & Wall, 1965 ). This discovery not only uncovered a fundamental concept of how primary nociceptive afferent input is processed, it also provided the basis of a potential approach to treat pain (Wall & Sweet, 1967) that has translated into therapies in which pain signaling is ameliorated by the repetitive stimulation of non-nociceptive afferents, such as during transcutaneous electrical nerve stimulation (TENS), spinal cord stimulation (SCS), and acupuncture-based therapies (Carlsson, 2002; Meyerson & Linderoth, 2000; Sluka & Walsh, 2003) . However, the analgesic effects of repetitive non-nociceptive stimulation persist well after the stimulation period has ended which is not consistent with Gate Control (Meyerson & Linderoth, 2000; Radhakrishnan et al., 2003; Sandkühler, 2000; Yang et al., 2016) . Identifying the neuromodulatory processes responsible for these persistent anti-nociceptive effects could lead to development of improved therapies for chronic pain.
Endocannabinoid-mediated long-term depression (eCB-LTD) of primary nociceptive synapses is one potential mechanism for this longlasting anti-nociceptive effect. Endocannabinoids are an attractive candidate because (1) the transmitters involved are synthesized and released in activity-dependent manner, frequently by the post-synaptic neurons, (2) they can produce persistent depression of excitatory synapses, and (3) these transmitters can act heterosynaptically (Chevaleyre & Castillo, 2003; Heifets & Castillo, 2009 ). Thus, repetitive stimulation of non-nociceptive sensory neurons could elicit endocannabinoid transmitter synthesis in post-synaptic targets of these afferents. The newly-released endocannabinoids could, in turn, act on receptors in nearby nociceptive synapses to produce eCB-LTD in these connections. Experimental support for this mechanism has been found in studies using rodents and the medicinal leech, Hirudo verbana (Yang et al., 2016; Yuan & Burrell, 2013b) . In these studies, repetitive stimulation non-nociceptive afferents, Aβ fibers in the rodents and Touch (T) mechanosensory neurons in Hirudo, produced eCB-LTD in nociceptive synapses and reduced behavioral responses to nociceptive stimuli in the rodent studies or direct stimulation of nociceptors in Hirudo (Fig. 1A) .
Why should the nervous system be organized in such a way that repetitive stimulation of non-nociceptive afferents reduces signaling in the nociceptive pathways? The clinical use of TENS, SCS, and acupuncture therapies can be thought of as a "hack" to control nociceptive signaling, but one in which we do not understand the function of the underlying program. We propose that decreases in nociceptive signaling as a result of repetitive non-nociceptive afferent activity is a form of habituation. Habituation is a form of non-associative learning in which repeated stimulation produces decreases in behavioral responses that are not due to fatigue or sensory adaptation Rankin et al., 2009) . In some instances habituation can generalize such that repeated activation of one stimulus response pathway can lead to response decrements in both the activated (e.g., non-nociceptive) pathway and in an inactive (e.g., nociceptive) stimulus-response pathway (Fig. 1B) (Burrell & Sahley, 1998; Frost, Brown, & Getting, 1996; Glanzman, Groves, & Thompson, 1972; Goldberg & Lukowiak, 1984) . This is sometimes also referred to as transfer of habituation (Poon & Young, 2006) . Considering this anti-nociceptive modulatory process as a form of habituation is an important distinction because nearly all previous studies delivered repetitive non-nociceptive afferent stimulation as a train of stimuli delivered at a fixed frequency and time scales. Such stimulation fails to take into account the behavioral responses elicited by such stimuli, changes in behavior over the course of the stimulation, and the fact that such a fixed stimulus is unlikely to be encountered in the natural environment.
To test this concept, habituation training was carried out in Hirudo using non-nociceptive stimuli and the effects of such training on responses to nociceptive stimuli were measured. In addition, the potential role of endocannabinoid signaling in both "direct" habituation (habituation of the behavior elicited by the circuit being repetitively activated) within the non-nociceptive pathway and the generalized habituation of the nociceptive pathway were examined. Hirudo represent an ideal species to conduct these studies given that the central nervous system (CNS) is well-characterized in terms of the function and synaptic connectivity of many individual, reliably identifiable neurons which facilitates linking changes in neural circuits or even single neurons to changes at the behavioral level (Crisp & Burrell, 2008; Kristan, Calabrese, & Friesen, 2005; Wagenaar, 2015) . This includes mechanosensory neurons that replicate the categories of somatosensory neurons observed in vertebrates, i.e. fast-adapting sensory neurons that respond to light touch (T cells), slow-adapting cells that respond to sustained pressure (P cells), and both mechano-only and polymodal nociceptive neurons (N cells) (Blackshaw, 1981; Blackshaw, Nicholls, & Parnas, 1982; Burrell, 2017b; Nicholls & Baylor, 1968; Pastor, Soria, & Belmonte, 1996; Summers, Holec, & Burrell, 2014) . In addition, there are already well-established training paradigms that produce habituation in Hirudo (Boulis & Sahley, 1988; Burrell & Sahley, 1998; Ristori et al., 2006; Zaccardi, Mozzachiodi, Traina, Brunelli, & Scuri, 2012) . Finally, there is also considerable neurophysiological data regarding how endocannabinoids mediate depression in nociceptive synapses following repetitive activation of non-nociceptive afferents (Yuan & Burrell, 2010 , 2012 , 2013a , 2013b .
Materials and methods

Animals
Leeches (Hirudo verbana; 3 g) were shipped by a commercial suppliers (Niagara Leeches, Niagara, NY, USA) to the laboratory where they were housed in a refrigerated incubator at 18°C in artificial pond water (0.52 g/L Instant Ocean) on a 12 h light/dark cycle.
Drug treatment
Drugs were kept as frozen aliquot solutions and then diluted to their final concentration in Hirudo saline just before their respective experiments. Hirudo saline consists of 110 mM NaCl, 5 mM NaOH, 4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES (pH = 7.4). SB366791 (SB) and Tetrahydrolipstatin (THL) were obtained from Tocris (Ellisville, MO). DMSO was obtained from Sigma-Aldrich (St. Louis, MO). Animals were lightly anesthetized in an ice-lined dissecting dish and then injected with 100 µL of either 25 µM SB366791 or 100 µM THL. For vehicle control experiments, 100 µL of 0.0025% DMSO was injected. Injections were made just anterior of the posterior sucker, a region where the dorsal and ventral sinuses that are part of the leech vascular system converge (Muller & Scott, 1981) .
Behavioral experiments
The behavioral training protocol is summarized in Fig. 2A . At the beginning of each experiment an animal was placed in a covered 145 mm diameter plastic petri dish filled with 40 mL of pond water and allowed to adapt to this testing arena for 30 min. All stimuli were applied to the posterior sucker because this produces a convenient target that can be easily distinguished from the rest of the animal. An ascending range of von Frey fibers (North Coast Medical, Inc.; Morgan Hill, CA) was applied to the posterior sucker at 30-s inter-trial intervals until the animal withdrew its sucker beneath its body, but did not pick up the sucker and move it away from the testing site. We characterized this response as being similar to the local shortening reflex (Wittenberg & Kristan, 1992a) . Response threshold was defined as the minimal stimulus (force delivered by the von Frey fiber) able to elicit this sucker withdrawal response. A pre-test measure of latency to respond to thermal nociceptive stimuli was then carried out using a Hargreaves's apparatus (Ugo Basile, cat: No. 37370) . Similar to what is observed in the paw withdrawal reflex in rodents, when the infrared illumination is applied to the Hirudo posterior sucker, the animal picks up the sucker and withdraws it from the site of stimulation. Compared to the localized sucker withdrawal produced by the von Frey fibers, the behavior elicited by the Hargreaves apparatus is different both quantitatively and qualitatively in that it involves both picking up the sucker and shortening of a much larger proportion of the body. The response to the nociceptive thermal stimulus likely corresponds to the Hirudo wholebody shortening reflex (Shaw & Kristan, 1995) .
Habituation training started 10 mins after the Hargreaves apparatus pre-test to minimize any potential sensitizing effects of this thermal nociceptive stimulus. Habituating stimuli consisted of a two second application of the von Frey fiber at the threshold level for eliciting localized withdrawal of the sucker. Habituation training in this study was based on the protocol used by Sahley and colleagues (Boulis & Sahley, 1988) and consisted of 20 stimuli using the von Frey fibers with an inter-trial interval (ITI) intervals of either 1, 2, or 4 min. Behavior was recorded as either a response (scored as a 1) or no response (scored as a 0). Behavioral data was binned into four blocks of five trails each for a total of 20 non-nociceptive stimulations and the data were plotted and analyzed as the percent of response per block, e.g., a block in which there were five responses out of five trials would be scored as a 100% for that block.
Once habituation training was complete, the response latency to nociceptive thermal stimulation was immediately re-tested (post-test) using the same protocol as the pre-test measurement. Most response latencies ranged from 8 to 16 s and data was excluded if it was ≤6 secs (a potential spontaneous movement) or ≥18 secs (an unresponsive animal). Of the total 327 animals tested across all experiments, 45 animals were excluded based on this criteria.
In many studies of habituation, the ability to reverse habituation (dishabituation) is used to confirm that the observed response decrement is not due to fatigue or sensory adaption (Groves, Lee, & Thompson, 1970; Rankin et al., 2009) . Since noxious stimuli are often effective at producing dishabituation, we used the post-test delivery of the nociceptive thermal stimulus (i.e. the Hargreaves apparatus) as a convenient dishabituating stimulus ( Fig. 2A) . To determine whether or not dishabituation had actually occurred, an additional five-trial block of von Frey fiber stimuli was delivered and the percent response in that trial block was compared to the response level during habituation training trial block four.
In an attempt to produce long-term habituation, animals received multiple sessions of habituation training with a rest interval in between each session. This consisted of 4 sessions of habituation training with each session consisting of 20 von Frey fiber stimulations at 1 min ITI and a 30 min rest period between each session (Fig. 2B ). This multisession habituation training was preceded by a pre-test measure of the latency to respond to the nociceptive thermal stimulus, but the posttests were carried out both immediately after the multi-session training and once per day for 3-9 days after training. Between each testing day, animals were individually housed in pond water in the refrigerated incubator used to maintain the Hirudo colonies. In a separate set of experiments, multi-session training was repeated, but responses to vonFrey fibers were tested each day (five trials, 1 min ITI). For all habituation studies the experimenter was not blind to the treatment group identity of each animal (e.g., drug treatment or pattern of training). There are no experimental conditions that have been excluded from this report.
Statistics
Animal withdraw latency of pre-and post-test measurements were normalized and presented as mean ± SE. Statistical analyses were carried out using either a one-, two-way analysis of variance (ANOVA), or two-way ANOVA with repeated measures unless otherwise noted to determine main effects and followed by Newman-Keuls post-hoc tests. In one experiment, an a priori t-test was used as well. All analyses were performed with SigmaPlot. All significance was determined at an α level of at least p < 0.05.
Results
In the first set of experiments we examined whether habituation to non-nociceptive stimuli delivered by the von Frey fibers reduced responses to the nociceptive thermal stimuli and whether the rate at which repetitive stimuli were delivered influenced this effect. Consistent with habituation, responses to the non-nociceptive stimuli decreased substantially with repetitive stimulation by trial block 4 with no differences observed between groups stimulated at 1, 2, or 4 min ITI ( Fig. 3A ; N = 9, 10, and 6, respectively). A 2-way ANOVA with repeated measures detected a significant effect of trial block (F 3,69 = 263.89, p ≤ 0.001) consistent with these animals undergoing habituation. No significant effect of ITI (F 2,69 = 2.14, p > 0.05) or trial block-ITI interaction (F 6,69 = 1.16, p > 0.05) was observed.
An increase in response latency to nociceptive thermal stimulus was observed in all animals that underwent habituation training when compared to control animals that received pre-and post-test measures of response latency, but with no habituation training ( Fig. 3A ; F 1,40 = 13.66, p ≤ 0.001; N = 8, 9, and 4). This effect on responses to nociceptive stimuli was observed regardless of the ITI during habituation training (ITI effect F 2,40 = 1.23, p > 0.05; training-ITI effect F 2,40 = 0.12, p > 0.05). In all three habituation training groups, the response to the von Frey fibers increased following delivery of the posttest thermal stimulus (Fig. 3A) . A 2-way ANOVA detected a significant difference trial block (trial block 4 vs. dishabituation block F 1,43 = 253.89, p ≤ 0.001) which is consistent with these animals undergoing dishabituation and indicates that the decrease in responses to repetitive stimulation was due to habituation and not fatigue. No significant effect of ITI (F 2,43 = 0.89, p > 0.05) or trial block-ITI interaction (F 2,43 = 0.21, p > 0.05) was observed. These results indicate that habituation to repetitive non-nociceptive stimuli can generalize or transfer to responses elicited by nociceptive stimuli.
In our previous studies, low frequency stimulation (LFS; 1 Hz for 15 min) of a single T cell elicited LTD of N cell synapses and depression of whole body shortening elicited by N cell stimulation (Yuan & Burrell, 2010 , 2013b . Both synaptic LTD and behavioral depression were found to be endocannabinoid dependent processes mediated by the transmitter 2-arachydonoyl glycerol (2-AG) acting on a TRPV-like receptor. TRPV1 channels have been shown to function as endocannabinoid receptors (Di Marzo & De Petrocellis, 2012; Edwards, 2014; Qin et al., 2008; Zygmunt et al., 2013) . Therefore, we examined whether 2-AG/ TRPV signaling contributed to direct habituation to the non-nociceptive stimuli (the von Frey fibers) and/or to the putative generalized habituation to the nociceptive thermal stimuli (the Hargreaves apparatus). The role of 2-AG was tested using THL which inhibits diacyl glycerol lipase (DAGL), the enzyme primarily responsible for 2-AG synthesis (Bisogno et al., 2003; Lee, et al., 1995) . The role of the TRPV-like channel was tested using SB366791, a selective inhibitor of TRPV1 that has been shown to block the effects of 2-AG in Hirudo (Wang & Burrell, 2016; Yuan & Burrell, 2010 , 2013a . Habituation was carried out in animals that were injected with 100 µL of 100 µM THL, 100 µL of 25 µM SB366791, or 100 µL of 0.0025% DMSO (vehicle control) following the pre-test measure to thermal nociceptive stimulation, but before habituation training.
Animals injected with THL, SB366791 or DMSO still habituated to repeated non-nociceptive stimulation (Fig. 3B) . A 2-way ANOVA with repeated measures detected a significant effect of trial block (F 3,54 = 118.58, p ≤ 0.001), but no significant effect of drug (F 1,54 = 0.05, p > 0.05) or trial block-drug interaction effect (F 3,54 = 0.64, p > 0.05) . Dishabituation also appears to be unaffected in any of the injected groups. A 2-way ANOVA revealed a significant of trial block (block 4 vs. dishabituation block; F 1,54 = 186.90, p ≤ 0.001), but no effect of drug (F 2,54 = 0.75, p > 0.05) or trial block-drug interaction (F 2,54 = 0.54, p > 0.05). Generalized habituation to the nociceptive thermal stimuli was affected by drug injection however. A statistically significant increase in response latency was still observed in the DMSO-injected animals that underwent habitation (N = 9) compared to the untrained control group (N = 11). The response latency was not significantly different in habituation-trained animals that received either THL (N = 8) or SB366791 (N = 11) injections when compared to untrained controls receiving SB (N = 12) or THL (N = 7) injections. A 2-way ANOVA revealed no significant effect of drug (F 2,49 = 1.24, p > 0.05) or training (F 1,49 = 1.90, p > 0.05), but there was a significant drug-training interaction effect (F 2,49 = 7.27, p ≤ 0.005). Post-hoc analysis confirmed a significant difference between the trained and untrained groups that received DMSO injections (p ≤ 0.001), but not between the SB-or THL-injected animals. From these results we conclude that the putative generalized habituation to the nociceptive stimulus requires 2-AG and TRPV channels while direct habituation to the non-nociceptive stimulus does not required these signaling molecules. Fig. 3 . Habituation training using non-nociceptive stimulation generalizes to responses to nociceptive stimuli. (A) Left scatter/line plot -The response rate to repeated non-nociceptive stimuli decreased regardless of whether the stimuli were delivered at 1, 2, or 4 min ITI, consistent with habituation. Bar graph -The latency to respond to nociceptive thermal stimuli increased in groups that underwent habituation training, but not in control groups that received no training, consistent with generalization of habituation. This increase in latency was observed regardless of the ITI during habituation training. Right scatter plot -Following post-training application of the nociceptive stimulus, the response rate to non-nociceptive increased relative to the last habituation trial block (trial block 4). This is consistent with dishabituation. (B) Left scatter/ line plot -Habituation to the non-nociceptive stimuli was observed regardless of whether the animals were injected with DMSO, THL, or SB366791 (SB). Bar graph -Increased latency to respond to nociceptive stimuli following nonnociceptive habituation training was observed in the DMSO-injected group, but not in the THL-or SB366791-injected groups. Right scatter plotDishabituation was unaffected by the DMSO, THL, or SB366791 injection. Asterisks (*) indicate statistically significant difference (see Results text).
How persistent is this increase in response latency to nociceptive thermal stimulus following habituation training and is it possible to elicit a persistent (multi-days) anti-nociceptive effect by delivering multiple sessions of habituation training? To address these questions, we compared a behavioral response over three days in a group of animals tested with a single session of habituation training (20 stimuli at 1 min ITI; see Fig. 2A ) to a second group that received four training sessions with a 30 mins rest period between sessions (see Fig. 2B ). Response rates per trial block to the von Frey fiber during the multisession training paradigm are shown in Fig. 4A and these exhibited multiple features consistent with habituation-type learning (Rankin et al., 2009) . First, the response rate in the first trial block following each inter-session rest period (trial blocks 5, 9 and 13) increased relative to the preceding block just before the rest period (trial blocks 4, 8, and 12), evidence of spontaneous recovery following cessation of the habituating stimuli. The recovery following each rest period was not complete in that the response rate never returned to initial (trial block 1) levels as confirmed by a 1-way ANOVA with repeated measures (F 3,54 = 16.58, p ≤ 0.001). Post-hoc analysis revealed a significant difference between trial blocks 1 vs. 5, 9 and 13 (p ≤ 0.001) and between blocks 5 and 13 (p ≤ 0.05). This too is a feature of habituation learning in which the repeated stimulation can produce an effect beyond the asymptotic state that is reflected by the fact that spontaneous recovery following each rest period is incomplete.
Following either single or multi-session habituation training, response latencies to nociceptive thermal stimuli were tested immediately after training (time point 0) and then on days 1, 2 and 3 after training. In the multi-session training group, a 2-way ANOVA with repeated measures detected no statistical difference between the habituation training group (N = 19) and the control group (N = 20) over the three day testing period (Fig. 4B ; training effect F 1,72 = 2.01, p > 0.05) as well as no effect of day of testing (F 3,72 = 0.32, p > 0.05) or group-day interaction effect (F 3,72 = 2.28, p > 0.05). However, a priori t-test of response latencies did detect significantly difference between the training and control groups on day 0 (t = 3.28, p ≤ 0.005) indicating that a decrease response latency was observed immediately after multisession training, similar to what is observed following single session training. The multi-session training simply failed to produce a longlasting habituation memory.
Surprisingly, a single session of training produced changes in behavior that lasted much longer compared to the multi-session training (Fig. 4C) . A 2-way ANOVA with repeated measures detected a significant difference in the response latency between the trained (N = 15) and control (N = 15) groups (F 1,75 = 11.57, p ≤ 0.005) with no effect of day of testing (F 3,75 = 0.53, p > 0.05) and no interaction effect (F 3,110 = 0.10, p > 0.05). These results suggest that a single training session is capable of producing a generalized habituation memory that is persistent. To confirm these findings, the single session training was repeated in a separate group of animals and their response (along with those from an untrained control group) was tested over a nine day period. These results confirmed the initial finding and extended them by showing that the increased response latency was observed for approximately eight days following a single session of habituation Fig. 4 . Effects of single-session vs. multi-session training on generalized habituation to nociceptive stimulus. (A) Pattern of behavioral responses to nonnociceptive stimuli during multi-session habituation training. Spontaneous recovery was observed following the 30 min rest period between each training session, although response rate never returned to initial levels and actually declined with repeated training. Asterisk (*) indicates significant different in that trial block relative to trial block 1. Hashtag (#) indicates significant difference relative to trial block 5. (B) Animals that underwent multi-session training had an increased response latency to nociceptive stimuli on day 0 (immediately after training) relative to the untrained group (*), but no differences were observed on subsequent testing days. (C) Animals that underwent single session training exhibited an increased response latency over all three days of training when compared to untrained animals (*). (D) When testing of single session-trained animals was extended beyond 3 days, the increased response latency appeared to persist for 8 days following training. training (Fig. 4D) . A 2-way ANOVA with repeated measures detected a significant difference in the response latency between the trained (N = 17) and control (N = 12) groups (F 1,239 = 11.19, p ≤ 0.005) with no effect of day of testing (F 9,239 = 0.76, p > 0.05) and no interaction effect (F 9,239 = 1.04, p > 0.05). Together these finding indicate that a single session of non-nociceptive habituation training can produce a generalized habituation memory to nociceptive stimuli that is very long-lasting.
Given the differences between how long the putative generalized habituation memory lasted between the single session and multi-session groups, we investigated how persistent was the direct habituation memory to the non-nociceptive stimuli following either training protocol. Not surprisingly, response rates to the non-nociceptive stimulus were dramatically reduced in both trained groups (single session N = 10; multi-session N = 6) compared to the corresponding untrained control groups (single session N = 10; multi session N = 8) (Fig. 5, day  0) . However, on subsequent testing days the response rates were not significantly different from controls with either type of habituation training (Fig. 5, days 1-6) . A two-way ANOVA with repeated measures, detected significant training group-day interaction effect (F 3,37 = 2.71, p ≤ 0.001), but no significant effect or training group (F 3,37 = 0.11, p > 0.05) or testing day (F 3,37 = 2.10, p > 0.05). Post-hoc analysis indicated that day 0 response rates were statistically different between the two habituation training groups and their corresponding controls. No differences were detected between the trained and control groups during days 1-6. Altogether these results suggest that neither single session no multi-session training was effective in producing long-term habituation to the non-nociceptive stimulus.
Finally we examined whether the putative long-term form of generalized habituation following single-session training required 2-AG/ TRPV signaling after habituation training was complete (i.e. for retention). Therefore, separate groups of animals underwent single-session training in which they received an injection of either DMSO, THL or SB prior to habituation training or after training was complete. In animals injected with DMSO (Fig. 6A) , an increased response latency to the thermal nociceptive stimulus over the three day testing period was observed in trained animals relative to those that received no training regardless of whether the injection was carried out before or after habituation training (Pre-training injection: training effect F 1,30 = 7.25, p ≤ 0.05; effect of day F 3,30 = 1.05, p > 0.05; interaction F 3,47 = 1.13, p > 0.05; Post-training: training effect F 1,14 = 4.51, p ≤ 0.05; effect of day F 3,30 = 0.40, p > 0.05; interaction effect F 3,58 = 1.43, p > 0.05).
In animals injected with THL prior to habituation training (Fig. 6B left) , there was no difference in response latency observed between the trained (N = 8) and untrained (N = 8) animals across the three day testing period (training effect F 1,42 = 0.46, p > 0.05). While an effect of day of testing was observed (F 3,42 = 3.73, p ≤ 0.05), a post-hoc analysis indicates that this was due to an increase in response latencies between day 0 and day 1 in both the trained and untrained groups. No training-day interaction effect was observed (F 3,42 = 2.37, p > 0.05). On Day 0 animals that received THL injections, but no habituation training did appear to have a reduced latency to respond when compared to THL + habituation animals, but no statistically significant difference was detected in the repeated measures ANOVA. This difference between the THL-only and THL + habitiation groups is likely due to sampling variation since there was no similar effect on response latencies in the THL-only group in Fig. 3B . When THL injections were carried out after habituation training (Fig. 6B right) , increased response latencies were observed between the trained (N = 29) and untrained (N = 21) animals (training effect F 1,49 = 7.66, p ≤ 0.05; effect of day F 3,49 = 0.48, p > 0.05; interaction F 3,49 = 0.33, p > 0.05). In animals injected with SB prior to training (Fig. 6C left) , no differences in response latency were observed between the trained (N = 8) and untrained (N = 7) groups (training effect F 1,39 = 0.06, p > 0.05; effect of day F 3,39 = 0.52, p > 0.05; interaction F 3,39 = 1.38, p > 0.05). However, when SB injections were carried out after training (Fig. 6C  right) , an increase in response latency was observed between the trained (N = 6) and untrained (N = 13) groups (training effect F 1,49 = 12.96, p > 0.005). A significant effect of training day was also observed (effect of day F 3,49 = 2.97, p ≤ 0.05) and subsequent post-hoc analysis revealed a significant increase in response latency on day 2 relative to day 1. No significant interaction effect was observed (F 3,49 = 1.67, p > 0.05). It was noted among animals that received drug injection following training, the SB-treated animals appeared to exhibit a greater increase in latency compared to the DMSO-and THL-treated groups. However, a 1-way ANOVA of the DMSO, THL, and SB + training groups (post-training injection groups only) detected no significant difference between these three post-training treated groups (F 2,79 = 1.87, p > 0.05). To summarize, long-term generalized habituation requires 2-AG-and TRPV-mediated neuromodulation during the acquisition stage, but that these signaling processes are not required for the maintenance of habituation memory.
Discussion
These findings have important implications for both the study of habituation and the use of repetitive non-nociceptive stimuli as an antinociceptive therapy. Our results support the hypothesis that repeated delivery of non-nociceptive stimuli can produce habituation of the behavioral response directly elicited by that stimuli as well as a generalized or transferred form of habituation to a novel, nociceptive stimulus. Many of the observations in this study align with well-established characteristics of habituation Rankin et al., 2009) . First, the behavioral depression observed during single session training could be dishabituated; that is, reversed by delivery of a strong stimulus, in this case a thermal nociceptive stimulus. Second, during multi-session training spontaneous recovery was observed following the rest period between the training sessions. Third, there is evidence during multi-session training that repeated stimulation produces a "beyond zero" habituation effect. This is a situation where the response to the repeated stimulus can produce no further decrease in behavioral response (e.g. the zero response rate observed in these experiments), but the habituating effects nevertheless continues to mount. This is reflected by the observation that there is progressively less spontaneous recovery during the first trial block of each training session following the rest period.
The observed results are also consistent with generalization or transfer of habituation from the non-nociceptive stimulus-response Fig. 5 . Effects of single-session vs. multi-session training on direct habituation to non-nociceptive stimulus. For both single session and multi-session training groups, robust habituation was observed immediately after training (day 0) relative to untrained control groups (*). However, no statistical difference was observed in the response rates between trained and non-trained groups for days 1-6. pathway to the nociceptive pathway (see Fig. 1B ) as outlined by Rankin et al. (2009) . These authors characterize generalization of habituation as a modulatory process occurring within the CNS as opposed to peripheral adaptation or fatigue across a shared sensory pathway and there are multiple observations from the current study that meet this criterion. Non-nociceptive mechanical stimuli are used as the habituating stimuli, whereas the novel test stimulus is a nociceptive thermal stimulus. These two stimuli are distinct at the afferent level given that the forces delivered by the von Frey fibers are well below the levels needed to activate the Hirudo nociceptive neurons and touch and pressure mechanosensory neurons do not respond to nociceptive temperatures (Blackshaw et al., 1982; Nicholls & Baylor, 1968; Pastor et al., 1996) . The behavioral responses elicited by the two stimuli were also distinct, with the von Frey fibers eliciting a localized shortening response while responses to the Hargreaves apparatus involved picking up the posterior sucker and completely withdrawing it from the site on the petri dish where the stimulus was applied, consistent with a whole-body shortening response. In Hirudo the local shortening and whole-body shortening reflexes are mediated by distinct neural circuits, although there is overlap in terms of the sensory and motor neurons that are involved (Shaw & Kristan, 1997; Wittenberg & Kristan, 1992a , 1992b . One issue not addressed in the current study is whether generalized habituation could be reversed or dishabituated, potentially by delivery of additional nociceptive stimuli.
Generalized habituation to the nociceptive stimulus-response pathway was selectively prevented by drugs that interfered with either 2-AG synthesis (THL) or function of the Hirudo TRPV-like channel (SB366791). These drugs did not affect the direct habituation at all demonstrating that the direct and generalized habituation are dissociable modulatory processes. To our knowledge this is the first study to demonstrate such a clear distinction between the physiological mechanisms mediating direct vs. generalized habituation. The results from this behavioral habituation study align almost perfectly with several earlier studies on activity-dependent synaptic depression in Hirudo sensory-motor synapses. 2-AG is conserved throughout the animal kingdom, known to be present in the Hirudo CNS (Elphick, 2012; Matias et al., 2001) , and elicits LTD in N cell synapses. 2-AG's effects in Hirudo are mediated by a TRPV-like channel (Yuan & Burrell, 2010) and TRPV channels are known to act as endocannabinoid receptors (Edwards, 2014; Gibson, Edwards, Page, Van Hook, & Kauer, 2008; Zygmunt et al., 2013 Zygmunt et al., , 1999 . 2-AG/TRPV-mediated depression of Hirudo nociceptive synapses can be induced by LFS of non-nociceptive afferents and this LFS also produces depression in the nociceptor-activated whole-body shortening reflex that is 2-AG/TRPV-dependent (Yuan & Burrell, 2010 , 2013b . In these synaptic studies, 2-AG is synthesized and released in a Ca 2+ manner in a motor neuron that receives synaptic input from the touch, pressure and nociceptive afferents (Nicholls & Purves, 1970; Yuan & Burrell, 2010 , 2012 . Activity by the non-nociceptive afferents can therefore stimulate 2-AG synthesis in this shared postsynaptic neuron which travels in retrograde manner to act heterosynaptically on the nociceptive afferent via activation of the TRPVlike channel (see Fig. 1A ). The only distinction between the past synaptic studies and the current behavioral experiments is that the earlier studies used LFS of non-nociceptive afferents at a constant rate (1 Hz for 15 mins) while the present studies used actual non-nociceptive stimuli with an ITI of 1-4 mins. 2-AG/TRPV signaling does not contribute to direct habituation of the non-nociceptive stimulus-response pathway, consistent with previous studies showing that Hirudo P cells lack TRPVlike channels and consequently their synapses are not depressed by 2-AG (Summers et al., 2014) . Interestingly, it appears that different patterns of afferent stimulation selectively activate either the endocannabinoid-mediated depression of nociceptive pathways or an endocannabinoid-mediated potentiation of P cell synaptic pathways (Wang & Burrell, 2016 Yuan & Burrell, 2013b) . A final distinguishing feature between the direct and generalized form of habituation is the duration of the respective habituation memories. A single training session (20 stimuli, 1 min ITI) produced a long-term habituation memory that lasted 3-8 days for the generalized form of habituation, but not for the direct form of habituation. This long-term memory of the generalized habituation required 2-AG/TRPVlike signaling during the acquisition phase, but not during the retention phase indicating that the endocannabinoid-dependent processes responsible for creating a long-term habituation memory were already engaged during training. This agrees with synaptic studies in Hirudo that indicated that eCB-mediated synaptic depression involves both presynaptic translation-dependent and postsynaptic transcription-and translation-dependent processes that are initiated during the LFS (Yuan & Burrell, 2013a) . This eCB-LTD lasts for at least two hours, but its persistence over a period of days has not been examined. It is interesting that a single session of habituation training should produce such a long-lasting memory of the generalized form of habituation, but not for direct habituation. This may be related to observations reported in C elegans in which habituation training produces modulation of the overall behavioral state of an animal reflected in changes in a variety of different, albeit related/complementary, behaviors (Ardiel, Yu, Giles, & Rankin, 2017) . In the present study, changes were initially observed across different behaviors, localized shortening and whole-body withdrawal, but differences in the temporal nature of this modulation with the change in the withdrawal behavior being much more persistent compared to the localized shortening response.
It was highly surprising to find that a single session of habituation training produced a longer-lasting memory than did the multi-session training given that the latter employed more stimuli with interspersed rest periods. Such spaced training is usually effective in producing longterm habituation ( Rose, Kaun, Chen, & Rankin, 2003) , but the spaced habituation training protocol used in these studies failed to produce a long-term memory in both the direct and generalized forms of habituation. It is likely that the rest interval used here was not long enough and what was observed was the result of a massed training protocol which are known to be less effective in producing long-term retention (Carew et al., 1972) . Recent studies in Drosophila have shown that the pattern of the stimulatory and rest periods can play a critical role in whether long-term memories are formed or not through the differential activation of competing memory inhibitory and facilitatory processes (San Martin, Rela, Gelb, & Pagani, 2017) . Interestingly, this study also showed that there were conditions that could be defined as massed training that were capable of producing long-term memory by activating the memory facilitatory processes without engaging the inhibitory processes. We hypothesize that the single-session training protocol used in the current study may be an example of a massed training protocol that can produce a long-term memory. As already stated, endocannabinoid-mediated LTD involves new protein and gene expression at both pre-and postsynaptic sites that presumably contribute to long-term memory formation. The multi-session training protocol may in fact generate cellular processes that suppress the endocannabinoid-initiated process(es) that contribute to long-term habituation. Although single-session training clearly produced a more persistent memory than multi-session training in these studies, because each Hirudo was individual housed between testing days (both the single and multi-session animals) the duration of the single session memory may have been artificially extended compared to what would be observed under more natural conditions.
In terms of implications for anti-nociceptive therapies, these studies provide a new paradigm for considering how repeated non-nociceptive stimulation exerts its anti-nociceptive effect. The idea that non-nociceptive stimuli can have an analgesic effect in theory is well established (Melzack & Wall, 1965; Wall & Sweet, 1967) . However, the effectiveness of this approach in clinical practice is debated especially in terms of TENS therapy (Resende et al., 2018; Taylor, Van Buyten, & Buchser, 2005; Vance, Dailey, Rakel, & Sluka, 2014) . A considerable amount a research has focused on how TENS stimulus parameters such as stimulus intensity and frequency impact therapeutic effectiveness (Celik, Erhan, Gunduz, & Lakse, 2013; Silva, Silva, & Prado, 2011; Vance et al., 2014) and these are important issues that should continue to be studied. However, we would like to propose that the concepts of habituationtype learning be applied to this form of therapy. That is, design stimulation paradigms that mimic an actual somatosensory stimulus (e.g., a touch to the skin) rather than prolonged trains of stimuli at a fixed rate that are not an ethologically relevant stimulus. Testing whether fewer stimuli are more effective over the long term may also be advisable. Clinical and animal research has noted that too much stimulation can lead to desensitization or produce tolerance to further analgesic effect (Chandran & Sluka, 2003; Jauregui et al., 2016) . Perhaps this is related to the observations in the current study in which singlesession training produced a more persistent habituation memory compared to multi-session training. It is not suggested that the stimulation parameters effective in Hirudo are necessarily applicable to humans, but rather that principles of habituation uncovered in this study should be considered for future developments in TENS and SCS therapy.
Another issue to consider is that habituation within nociceptive circuits may also be a site for pathologies that contribute to the development of chronic pain. Disruption of habituation has been observed in a number of chronic pain conditions such as fibromyalgia, migraines, lower back pain, and neuropathic pain in the context of spinal cord injury (Albu, Gomez-Soriano, Avila-Martin, & Taylor, 2015) (Albu et al., 2015; Coppola, Di Lorenzo, Schoenen, & Pierelli, 2013; de Tommaso et al., 2011; Peters, Schmidt, & Van den Hout, 1989; Smith et al., 2008 ) (de Tommaso et al., 2011 . It is likely that these are not only a symptom of chronic pain conditions, but are also contributing factors in generating chronic pain. A given afferent input is capable of activating both habituating and sensitizing processes, a concept known as Dual Process Theory . The degree to which the habituating or sensitizing influence dominates a behavior is based on the properties the stimulus itself (e.g., salience or intensity), the pattern with which it is delivered and potentially individual differences. Disruption of habituation processes would tend to promote sensitization within the affected neural circuit. In the context of nociception this could not only lead to acute increases in pain signaling, but also drive the processes that lead to chronicity of pain. Since habituation is a fundamental modulatory process that regulates the flow of information in neural circuits throughout the nervous system (Poon & Young, 2006; Rahn, et al., 2013; Rankin et al., 2009) , disruption of habituation could contribute to the mechanisms of chronic pain at multiple levels within the CNS, that is from spinal cord to brainstem to somatosensory cortex. This suggests two courses of action from a clinical perspective. First, the development of therapies that restore habituation to ameliorate or even reverse chronic pain conditions. Second, preserving habituation processes either preemptively or immediately after an injury or other insult (e.g., surgery or chemotherapy) to potentially prevent chronic pain conditions from developing.
This study illustrates the role of habituation as a critical component of regulating nociceptive signaling as well as identifying endocannabinoid signaling as a potential physiological mechanism involved. The behavioral and physiological processes discovered have implications in both understanding mechanisms of chronic pain and the development of potential therapies. That these discoveries were made in the invertebrate Hirudo underscores the importance of using comparative approaches to understand the basic biology of nociception and pain (Burrell, 2017a; Walters & Moroz, 2009; Williams, 2016) . However, given the ubiquity of habituation processes throughout the CNS (as noted in the previous paragraph), these findings regarding the generalization/transfer of habituation and the patterns of stimuli that may lead to long-term retention of habituation have implications for other disorders including stress and anxiety, schizophrenia, and autism (Bhatnagar et al., 2002; Guiraud et al., 2011; Riebe & Wotjak, 2011; Williams, Blackford, Luksik, Gauthier, & Heckers, 2013; Herry et al., 2010; Patel, Roelke, Rademacher, & Hillard, 2005) .
